Cerebellar neurons are generated from two germinal neuroepithelia: the ventricular zone (VZ) and rhombic lip. Signaling mechanisms that maintain the proliferative capacity of VZ resident progenitors remain elusive. We reveal that Sonic hedgehog (Shh) signaling is active in the cerebellar VZ and essential to radial glial cell proliferation and expansion of GABAergic interneurons. We demonstrate that the cerebellum is not the source of Shh that signals to the early VZ, and suggest a transventricular path for Shh ligand delivery. In agreement, we detected the presence of Shh protein in the circulating embryonic cerebrospinal fluid. This study identifies Shh as an essential proliferative signal for the cerebellar ventricular germinal zone, underscoring the potential contribution of VZ progenitors in the pathogenesis of cerebellar diseases associated with deregulated Shh signaling, and reveals a transventricular source of Shh in regulating neural development.
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cerebellum | cerebrospinal fluid | choroid plexus | radial glia | Shh T he cerebellum plays important roles in sensory perception and motor coordination. These functions are critically dependent on diverse neurons and glia originating from two distinct germinal neuroepithelia: the rhombic lip (RL) and ventricular zone (VZ).
As in the cerebrum, neurons of the cerebellum are either inhibitory or excitatory, depending on the expression of neurotransmitter GABA or glutamate, respectively (1) . The principal glutamatergic neurons residing in the cerebellar granule layer are granule cells. During development, granule precursor cells generated from the RL migrate tangentially to the external granule layer (2) , where they proliferate in response to Purkinje-derived Sonic hedgehog (Shh) during late embryogenesis and the early postnatal period (3) (4) (5) . Aberrant activation of the Shh pathway in Patched1 heterozygous mice results in medulloblastoma (MB), a malignant cerebellar tumor that is thought to stem from massive deregulated granule neuron precursor proliferation (6) . Similarly, mutations in PATCHED1 significantly increase the occurrence of sporadic MB in humans (7) .
In contrast to glutamatergic neurons, the GABAergic neurons are generated from the VZ and consist of at least five different neuronal subtypes, including Purkinje cells and GABAergic interneurons (8) . Birthdating studies have revealed that neurons of the cerebellar VZ are generated in three sequential but overlapping waves (8, 9) . The first-born are small DCN neurons [embryonic day (E)10 to E12 in mice], which eventually settle in the white matter beneath internal granule neurons. Purkinje cell progenitors are second to be generated from the VZ, and they become postmitotic from E11 to E13 (8) . Purkinje cells then migrate dorsally along guiding radial glial processes to their final destination beneath the external granule layer. A third population of neurons, which consists of GABAergic interneurons of the DCN, stellate, basket, Lugaro, and Golgi cells, is generated during late embryonic (from E14) and postnatal development. In addition to GABAergic neurons, astrocytes including Bergmann glia and oligodendrocytes are also derived from the VZ (9) . By fate-mapping studies, radial glial cells are recognized as VZ multipotent progenitors that give rise to all of the aforementioned cerebellar cell types (10, 11) . Although the cellular origin and final fate of many cerebellar neurons are known, the signaling pathways that maintain the proliferative capacity of resident progenitors in the ventricular germinal neuroepithelium remain elusive.
The role of Shh signaling in regulating adult forebrain subventricular zone neural stem cells has been studied extensively (reviewed in ref. 12) . Although these studies focused primarily on the role of Shh signaling in postnatal and adult stages, its definitive function during embryonic forebrain radial glia cell development has not been demonstrated. Moreover, prototypic midline signaling centers, such as the prechordal plate and floor plate, that are continuous with the embryonic neural epithelium and normally associated with neural progenitor specification/maintenance are absent during cerebellar VZ development. Here, we reveal an essential and previously unappreciated function of Shh signaling in embryonic cerebellar VZ development, providing evidence that Shh signaling regulates proliferation and expansion of cerebellar radial glia and neural progenitors derived from the VZ. We further determined that the cerebellum itself is not a source of Shh that targets the early cerebellar VZ and strongly implicate a transventricular route for delivery of Shh ligand to the cerebellar VZ. Because current pathologic studies associated with deregulation of Shh signaling are mainly focused on external granule neurons, our findings may provide additional insights into the diverse cellular origin of cerebellar diseases.
Results
Cerebellar Ventricular Zone Progenitors Display Shh Signaling. We have recently reported that the developing hindbrain choroid plexus epithelium (hChPe) robustly expresses Shh, which targets a discrete epithelial tissue situated between the hChP and lower RL (13) . This distinct epithelial domain functions as the hChPe progenitor domain, which directly contributes to hChP epithelial growth by a proliferative process that depends on active Shh signaling activity (13) . To our surprise, during our examination of the expression of Gli1 and Ptch1 by RNA in situ hybridization for Shh pathway activation in the hChP and surrounding tissue, the adjacent cerebellum, we also detected Shh signaling pathway activity in the cerebellar VZ along the medial-lateral axis at E14.5 ( Fig. 1) . We observed similar expression pattern in sections from Ptch1-LacZ mice containing a LacZ reporter knock-in at the endogenous Ptch1 locus (Fig. 1) . Shh signaling continued to be detected at E16.5 ( Fig. 1) in the cerebellar medial VZ and vermal region. Although Gli1 expression was relatively higher in the This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: chin.chiang@vanderbilt.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0911838107/DCSupplemental. medial VZ, Ptch1 and Ptch1-lacZ staining seemed to span the VZ medial-lateral axis. Shh signaling activity was not detectable in the cerebellum at E12.5, although evident in the developing hChP at all stages presented ( Fig. 1) (13) . Because radial glial cells are localized to the apical surface of the brain ventricular zone and recognized as the major source of neural progenitors in the cerebellum (10), we examined whether Shh signaling is activated in these cells. Indeed, we observed colocalization of brain lipid binding protein (BLBP), a radial glial cell marker, and Ptch1-lacZ expression in E13.5 cerebellar VZ (Fig. 1 ).
Shh Signaling Regulates Cerebellar Ventricular Zone Progenitor
Proliferation and GABAergic Neuronal Progenitor Expansion. Next we determined the role of Shh pathway activation in the cerebellar VZ at E16.5, before the stages when Purkinje neurons strongly express Shh. We first analyzed the cerebellar phenotype of Nestin-cre;Smo f/-mutants, in which Shh signaling is conditionally ablated in all neural cells throughout the developing CNS after E11.5 (14) ( Fig. 2A) . At E16.5, Nestin-cre;Smo f/-cerebellar VZ was remarkably thin, particularly in the medial region, and VZ cells were loosely arranged along the mediallateral axis. We found significant reduction in VZ proliferation, by 1-h BrdU pulse labeling, in Nestin-cre;Smo f/-cerebella compared with WT (14% ± 1.9% vs. 100% ± 3.4% in vermis region, P < 0.001; 22% ± 4% vs. 100% ± 7.2% in lateral VZ, P < 0.001, n = 3; Fig. 2 B and C). CyclinD1 expression was prominent in E16.5 WT VZ cells and numerous migrating cells beyond the VZ, but its expression was dramatically down-regulated in Nestin-cre;Smo f/-cerebella (12% ± 2.5% vs. 100% ± 8.8% in vermis region, P < 0.001; 14% ± 3.7% vs. 100% ± 6.1% in lateral VZ, P < 0.001, n = 3; Fig. 2 B and C). Thus, CyclinD1 is also an essential downstream mediator of Shh signaling in the VZ, as in the external granule neuron layer (EGL) (15) . Expression of Pax2, a paired box transcription factor, has been shown to identify GABAergic interneuron progenitors in the cerebellar cortex (including Golgi, basket, and stellate cells) and in the DCN (16) . Significantly reduced Pax2+ cell number was found in Nestin-cre;Smo f/-compared with WT (52% ± 3.8% vs. 100% ± 7.5% in vermal region, P < 0.001; 48% ± 4.9% vs. 100% ± 6% in lateral VZ, P < 0.001, n = 3; Fig. 2 B and C), demonstrating a dramatic reduction of GABAergic interneuron population. Similarly, the expression of homeodomain protein Lhx1/5, which marks the immature Purkinje cell (8) and Pax2+ GABAergic interneurons (Fig. S1A) , were also significantly reduced in Nestin-cre;Smo f/-mutants (66% ± 2.9% vs. 100% ± 1.6% in vermal region, P < 0.001; 68% ± 2.9% vs. 100% ± 5% in lateral VZ, P < 0.001, n = 3; Fig. 2 B and C) . Together, we conclude that lack of sufficient Shh signaling in the embryonic cerebellar VZ leads to significant reduction in VZ proliferation and GABAergic interneuron progenitor cell expansion.
To further support the critical role of Shh in promoting embryonic cerebellar VZ proliferation, we crossed the Nestin-cre driver strain with SmoM2 conditional mutant, which harbors a constitutively activated form of Smo (17), to generate mice with ectopic Shh signaling. At E14.5, we observed enhanced Gli1 expression in Nestin-cre;SmoM2 cerebella ( Fig. 2A) . Interestingly, ectopic Shh signaling was largely confined to the VZ, where Shh signaling normally occurs, despite widespread Nestin-cre;R26R reporter expression in almost all neural cells ( Fig. 2A) . Nestin-cre; SmoM2 VZ displayed augmented proliferation and enhanced BrdU incorporation compared with WT (231% ± 8% vs. 100% ± 3.4% in the vermal region, P < 0.001; 345% ± 17.5% vs. 100% ± 7.2% in lateral VZ, P < 0.001, n = 3; Fig. 2 B and C). CyclinD1 was robustly expressed in a larger percentage of cells in Nestin-cre; SmoM2 compared with WT (221% ± 3.5% vs. 100% ± 8.8% in the vermal region, P < 0.001; 158% ± 6% vs. 100% ± 6.1% in lateral VZ, P < 0.001, n = 3; Fig. 2 B and C) . In agreement, a larger number of GABAergic neuronal progenitors was present in the ventral cerebellum of Nestin-cre;SmoM2 compared with WT, such as Pax2+ (237% ± 2.2% vs. 100% ± 7.4%, in vermal region, P < 0.001; 276% ± 18.1% vs. 100% ± 6% in lateral VZ, P < 0.001, n = 3; Fig. 2 B and C) and Lhx1/5+ (135% ± 3% vs. 100% ± 1.6% in vermal region, P < 0.001; 133% ± 3.5% vs. 100% ± 5% in lateral VZ, P < 0.001, n = 3; Fig. 2 B and C). Our observation that the cerebellar VZ neural progenitor population is expanded in Nestin-cre;SmoM2 mutants is consistent with the recently reported phenotype in another gain-of-function mutant, in which Patched1 was conditionally removed from radial glial cells (18) . Together, we provide compelling evidence for the essential role of Shh signaling in driving proliferation of cerebellar VZ progenitors and expansion of GABAergic-lineage cells.
Cerebellar Radial Glial Cell Proliferation Is Defective in Mutants
Deficient in Shh Signaling. In line with our observation that Shh signaling directly targets radial glial progenitors in the cerebellar VZ, we detected strong reduction in radial glial cell proliferation in E14.5 Nestin-cre;Smo f/-mutants (43.2% ± 4.9% vs. 100% ± 3.9% for BLBP+ cells, P < 0.001; 51.3% ± 6.2% vs. 100% ± 6.2% for Sox2+ cells, P < 0.001, n = 5; Fig. 3 A and B) , whereas Nestin-cre;SmoM2 mutants displayed enhanced radial glial proliferation (232.2% ± 9.5% vs. 100% ± 8.2% for BLBP+ cells, P < 0.001; 227.4% ± 11.4% vs. 100% ± 7.3% for Sox2+ cells, P < 0.001, n = 5; Fig. 3 A and B) . Interestingly, the majority of proliferating cells in WT as indicated by 1-h BrdU pulse are radial glial cells (94.4%, n = 284 of 301) (Fig. 3) . Previous studies have shown that Ptf1a-expressing VZ progenitors give rise to mature Purkinje neurons and GABAergic interneurons (20, 21) . Surprisingly, we found that Ptf1a-expressing VZ progenitors are largely nonmitotic (Fig. 3C) . Similarly, Ptf1a cre/+ ; Smo f/-mutants did not show an apparent VZ proliferation phenotype (Fig. S2) . Taken together, these data demonstrate that cerebellar VZ neurogenesis and progenitor expansion are fulfilled by the proliferation of radial glial cells but not committed Ptf1a-expressing progenitor cells, and that this process is essentially regulated by Shh signaling. oping hChPe starting at E12.5 (Fig. 4A) , we found that Shh transcript only began to be detectable in the cerebellum at E16.5, particularly in the putative Purkinje cell domain beneath the EGL (arrows in Fig. 4A ). We also performed genetic fate mapping in E13.5-E18.5 embryos by mating Shh cre/+ mice with mT/mG reporter, in which membrane-tethered GFP indelibly marks cells expressing, or once expressed Shh. We did not observe any GFP signal within the E13.5 cerebellum, a stage when Shh pathway activity in the cerebellar VZ was evident (Fig. 1B) . Because the rostral cerebellum adjoins the developing midbrain midline tissue, which strongly expresses Shh, we asked whether this adjacent neural source of Shh could signal to the cerebellum, potentially by sending neuronal processes into the cerebellar tissue. However, we found that these neuronal processes do not extend anywhere close to the dorsal cerebellum (Fig. S1B ). In addition, we mated Shh cre/+ mice with R26R reporter and again only detected significant lacZ-positive cells in the cerebellum at E17.5 (Fig. 4B) , which is in agreement with in situ analysis considering that Cre recombinase begins to be functional ≈12-24 h after its promoter activation. We further performed quantitative real-time RT-PCR using dissected whole cerebella at E12.5-E17.5, using Indian hedgehog (Ihh) as a negative control. We found that cerebellar Shh expression was only significantly different from that of Ihh starting from E15.5 (Fig. 4C) . In contrast, significant Gli1 expression, which increased with developmental time, was detected at all stages analyzed starting from E12.5 (Fig. 4C) . Together, these findings suggest that the cerebellum is unlikely the source of Shh that regulates early VZ proliferation and strongly argue for a transventricular route in delivering Shh ligand to the cerebellar VZ.
Shh Protein Is Present in the Circulating Embryonic CSF. CSF, primarily generated from choroid plexi, is a source of chemicals and polypeptides with neuroprotective, surveillance, and repair functions (23) . Recent studies also suggest that embryonic CSF harbors signaling molecules, such as Slit2, Fgf2, and ciliary neurotrophic factors, that may influence neuronal migration and development (23, 24) . Because the cerebellar VZ is exposed to circulating CSF filling the fourth brain ventricle, we reason that Shh might be present in the CSF to regulate cerebellar VZ development. In line with this notion, by ELISA, we detected Shh protein at a concentration range of 100-300 pg/mL in the pooled CSF retrieved from hindbrain ventricles of E12.5-E15.5 WT embryos (2 or 4 μL CSF per embryo; see Materials and Methods) (Fig. 5A) . One limitation is that it is not possible to retrieve only hindbrain CSF; therefore, we had to perform ELISA on pooled CSF circulating in all brain ventricles, and we always observed collapsed forebrain, midbrain, and hindbrain ventricles after retrieval of the CSF. Thus, the measured Shh concentration may be significantly lower than the local concentration close to the cerebellar VZ. We did not observe an agedependent increase in Shh protein in the CSF, perhaps owing to the increase in CSF volume of the older embryos, thereby diluting overall protein concentration. Increasing evidence suggests that primary cilia function as the essential sensor of Shh ligand and regulator for transducing pathway activity (reviewed in refs. 25, 26) . The primary cilia can be visualized by immunostaining with acetylated tubulin or Arl13b, a small GTPase of the Arf/Arl family (27) . In agreement, we detected widespread presence of primary cilia in proliferating VZ radial glial progenitors (Fig. 5B ).
Wnt1-cre;Shh f/-Mutants Display Similar Cerebellar VZ Defects. Throughout the developing hindbrain system, we observed two prominent regions that express Shh: the ventral midline of the medulla and the hChPe (Fig. 4) (13) . We found that the medulla is unlikely the source of Shh ligand in activating Shh signaling in the cerebellar VZ, because targeted deletion of Shh using Wnt1-cre leads to strong defects in VZ proliferation and GABAergic neuronal expansion without affecting Shh expression in the hindbrain medulla (Fig. 6A) . The cerebellar VZ defects in Wnt1-cre;Shh f/-mutants were observed starting at E13.5 ( Fig. 6 B and C) and became progressively more severe at E16.5 (Fig. S3) . Consistent with our observation that Shh signaling is activated in the radial glial population, BLBP+ and Sox2+ expressing cells are all reduced in Wnt1-cre;Shh f/-mutants (Fig. 6B) . Moreover, the proliferative defect as indicated by reduced number of BLBP+, BrdU+ or Sox9+, BrdU+ cells was restricted to radial glial cells (Fig. S4) . Previous studies showed that Sox9 labels BLBP+, S100β+ cerebellar VZ radial glial cells (28) . The expressions of Ptf1a, Ngn2 and Mash1 mark cerebellar VZ GABAergic progenitor cells (19, 29, 30) , and their expressions are also largely reduced in the Wnt1-cre;Shh f/-mutants (Fig. S5) . In contrast to the medulla, Shh expression in the hChPe is completely abolished in Wnt1-cre;Shh f/-mutants, suggesting that the hChPe is likely a source of Shh for cerebellar VZ progenitor proliferation. Consistent with this notion, we observed more than 3-fold induction in luciferase activity when E16.5 hChPs were cocultured with Shhresponsive LIGHT2 cells (Fig. S6) .
Discussion
We provide genetic evidence that activation of Shh signaling is necessary to regulate cerebellar VZ progenitor proliferation and GABAergic progenitor expansion. We show that the source of Shh ligand to activate signaling in the early cerebellar VZ is not the cerebellum, therefore implicating a transventricular system as a means to deliver Shh signal to the VZ (Fig. S7) .
It has been shown that Shh promotes GABAergic neuronal lineage restriction of forebrain stem cells, in part, by activation of the basic helix-loop-helix transcription factors Olig2 and Mash1 (31) . In addition, recombinant Shh protein similarly increased the number of tyrosine hydroxylase-positive GABAergic neurons in the midbrain (32) . Therefore, the action of Shh on RL-derived glutamatergic granule neurons in the cerebellum is in contrast with its well-established role in specifying and promoting proliferation of GABAergic interneurons in other regions of the CNS. It is not known whether a parallel situation exists in which Shh signaling plays a similar role in the developing cerebellar VZ, which gives rise to GABAergic interneurons. In this study, we identify Shh as the key signal in regulating cerebellar VZ radial glial cell proliferation and GABAergic interneuron population expansion, implicating VZ progenitors as a potential source for the cellular origin of cerebellar disorders associated with Shh deregulation. This finding is significant because current developmental or disease-related studies pertaining to Shh function in the cerebellum have been largely focused on granule neuron precursor cells at very late embryonic to postnatal stages, since it is thought that Shh signaling plays a physiologically relevant role from E17.5 onward in mice.
Our data indicated that Shh is present in the embryonic CSF during critical stages of cerebellar VZ development. CSF is generated from choroid plexi situated at different sites in the brain ventricles (23) . Notably, the hindbrain choroid plexus is in close apposition with the cerebellar VZ throughout development (Fig.  4) , and it is the only choroid plexus that expresses Shh (13) . The observation that the hindbrain medulla, the only other noncerebellar source of Shh within the developing hindbrain system, is not required for expansion of VZ progenitors supports the argument that the hChP contributes to cerebellar VZ development. Additional support is the finding that the hChP is capable of eliciting Shh pathway activation when cultured with a Shh reporter cell line and that this effect can be blocked by Shh-blocking antibody or by a Smo antagonist (Fig. S6) . However, Wnt1-cre is capable of removing Shh in other regions of the CNS, including the ventral midbrain, suggesting that other neural tissues may also secrete Shh into the CSF. It remains to be determined whether the hChP is the major source of Shh promoting cerebellar VZ development. Previous studies have shown that embryonic CSF contains a heterogeneous population of lipoprotein-rich microparticles, which can interact with the surface of the neuroepithelium (33) . Interestingly, lipoprotein particles have been proposed to carry lipid-modified ligands such as Hedgehog from the cell surface, acting as vehicles for long-range transport in Drosophila (34). Although lipoproteins have not yet been implicated in transporting Shh, the low-density lipoprotein receptor (Lrp2, Megalin) can function as an endocytic receptor for Shh in cultured cells (35) . Future studies are required to determine the presence of Shh in CSF microparticles.
Extensive effort has been made to understand the molecular basis of genetic disorders involving cerebellar defects, such as the neurodevelopmental Joubert syndrome and Bardet-Biedl syndrome, Statistical comparisons between Wnt1-cre;Shh f/-mutant and WT cerebella for BrdU+ (41.5% ± 10% vs. 100% ± 12.6%, P < 0.001, n = 5), Ki67+ (37.9% ± 3.1% vs. 100% ± 6%, P < 0.001, n = 5), CyclinD1+ (35.2% ± 4.2% vs. 100% ± 9%, P < 0.001, n = 5) and Sox2+ (71.3% ± 2.9% vs. 100% ± 9.1%, P < 0.005, n = 5) cells.
both being characterized by aplasia or severe hypoplasia of the cerebellar vermis (36) . Recent progress in genetic mapping of human patients suggested a strong link to mutations in protein components of the primary cilia, such as the intraflagellar transport proteins (36) . The correlation between defective ciliogenesis and the etiology of cerebellar genetic disorders is particularly interesting, because many core components of the Shh pathway are localized to, and function in, cilia during Shh signal transduction (reviewed in refs. 25 and 26) . In light of our finding that Shh is required to stimulate VZ radial glial proliferation, and the fact that abundant primary cilia were detected along the developing cerebellar VZ (Fig. 5) , it would be important to fully assess the cerebellar defects of conditional cilia mutants and to establish a requirement of the primary cilia in VZ radial glial progenitor proliferation in response to Shh signal.
Emerging lines of evidence suggest that there are two subtypes of MB with distinct oncogenic location and molecular characteristics; MBs are detected in most afflicted children in the vermal cerebellar region showing no MATH1 expression and in many adult patients, in the cerebellar hemispheres with high level of MATH1 expression (37) . In addition, whereas a subset of human MB samples displayed up-regulation of MATH1, others selectively exhibit expression of NGN1, a VZ-specific transcription factor, with no MATH1 expression (38) . It is therefore likely that current animal models of MB only mimic one subtype of MB that is generated from transformed EGL as the mice develop to adulthood. Because our study demonstrated an essential role of Shh signaling in the regulation of embryonic cerebellar VZ proliferation, it remains possible that aberrant Shh signaling at embryonic or perinatal stages could promote vermal MB oncogenesis originating from the cerebellar VZ.
Materials and Methods
Defined areas selected for cerebella cell counting are shown in Fig. S8 . Details about mice, retrieval of embryonic CSF and Shh ELISA, immunohistochemistry, cell counting and statistics, X-gal staining and transcript detection, and realtime RT-PCR are given in SI Materials and Methods.
